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ABSTRACT

The Alpha Magnetic Spectrometer-02 (AMS-02) experiment is a state-of-the-art particle

physics detector containing a large superfluid helium-cooled superconducting magnet. Highly

sensitive detector plates inside the magnet measure a particle's speed, momentum, charge, and

path. The AMS-02 experiment will study the properties and origin of cosmic particles and nuclei

including antimatter and dark matter. AMS-02 will be installed on the International Space

Station on Utilization Flight-4. The experiment will be run for at least three years.

To extend the life of the stored cryogen and minimize temperature gradients around the

magnet, four Stifling-cycle Sunpower M87N cryocoolers will be inte_ated with AMS-02. The

cryocooler cold tip will be connected via a flexible strap to the outer vapor cooled shield of the

dewar. Initial thermal analysis shows the lifetime of the experiment is increased by a factor of

2.8 with the use of the cryocooler.

The AMS-02 project selected the Sunpower M87 cryocoolers and has asked NASA Goddard

to qualify the cryocoolers for space flight use. This paper describes the interfaces with the

cryocoolers and presents data collected during testing of the two engineering model cryocoolers.

Tests include thermal performance characterization and launch vibration testing. Magnetic field

compatibility testing will be presented in a separate paper at the conference.

INTRODUCTION

Since November 2001, two Sunpower M87 engineering model cryocoolers have been under

test at NASA Goddard for the Alpha Magnetic Spectrometer-02 (AMS-02) International Space

Station Project. NASA Goddard will be qualifying four Sunpower M87 cryocoolers for space

flight use and two cryocoolers for flight spares on AMS-02. Delivery of the flight cryocoolers to

Goddard is expected at the end of 2002.

The engineering model cryocoolers have undergone extensive thermal characterizations and

magnetic compatibility testing I. Engineering model number two has undergone electrical

characterizations and vibration qualification.

INSTRUMENT DESCRIPTION

AMS-02 is scheduled to be launched in January" 2006 and will be installed on the

International Space Station (ISS) for a minimum three year mission. The experiment consists of



a largesuperconductingmagnetand a numberof highly sensitivedetectorsthat will measurea
particle'sspeed,momentumcharge,andpath,in aneffort to searchspacetbr thepresenceof dark
matter,missingmatterandantimatter.

The AMS-02 superconductingmagnetwill becooledby 2,500liters of superfluidhelium in
alargeannulartank. Themagnet,superfluidheliumtank,layersof super-insulationand4 vapor-
cooledshieldsaresuspendedwithin a toroidalvacuumcase. Thevacuumcaseis machinedout
of aluminumwith two largesupportringson the top andbottomof theoutercylinder. Thecold
massisapproximately2,090kg.

Four SunpowerM87N cryocoolerswill be usedto cool the outer vapor cooledshield to
extendthelife of thestoredcryogen. Thebaselineperformancerequirementis atotal of 16watts
of heatlift at 80K with lessthan400 wattsof input power. Initial thermalanalysisshowsthe
lifetime of the experimentis increasedby a factor of 2.8 with the useof the cryocoolers. To
minimizethermalgradientson thevaporcooledshieldtwo cryocoolerswill bemountedto 101.6
mm diameterports on the uppervacuumcasesupportring andthe remainingtwo cryocoolers
will be mountedto the lower vacuumcasesupportring. Figure 1 showsa view of two of the
cryocoolerport locationson the AMS-02 vacuumcase. The remainingtwo cryocoolerport
locationsare180degreesfrom its pair oneithersupportring.

Thecryocoolermountingbracketswill thermallydecouplethe cryocoolerfrom the vacuum
caseandprovide acompliant(flexible, soft)mountin orderto allow forceattenuationusingthe

passivebalancersystem.
The cold tip of the cryocoolerswill be connectedvia a flexible strapto the outer vapor

cooledshieldof thedewar. Integrationof the strapwill be througha 101.6mm diameteraccess
port adjacentto the cryocoolermountingport. The strapwill spana distanceof approximately
100mm andallow for relativemotionsnomore than12mm betweenthecold tip andthevapor-
cooledshield. Motion of the strapis expectedduring launch,vacuumpumpdown, magnetcool
down,magnetcharginganddischargingandin thecaseof aquench.

Eachcryocoolerwill rejectheatto a capillarypumploop sunkto adirect condensingzenith
octagonalradiator. Onequadrantof theradiatorwill bededicatedto eachcryocooler.

Thecryocoolerswill bepoweredfrom eitheror bothof the ISS124V dc busses(main and
auxiliary). The electronicsmust provide the capability of beingpoweredfrom either bus and
mustmaintaingalvanicisolationbetweenthetwobusses.Thepowerdrive configurationhasnot
yet beenselected. Studiesarebeingconductedon which waveformdrive would be the most
efficient.

Figure. Cryocooler port locations on AMS-02 vacuum case.



In order to eliminatebeat frequencies,it is preferredthat all cryocoolerdrive signalsbe
synchronized.Thepair of cryocoolerson theuppervacuumcasering will be run electricallyin
phaseandthepair of cryocoolerson thelowervacuumcasering will be run electricallyin phase.
There is no phasingrelationshipbetweenthe pair of cryocooleron the uppervacuumsupport
ring to thepairof cryocoolerson thelowersupportring.

Thecryocoolersystemhasbeenallocatedamaximumof 400watts,which includespowerto
the electronics. Therefore,nominal operationwill provide 100W to the 4 cryocoolers. The
maximumoperationalscenariowill provide150W to 3cryocoolers.

Thecryocoolercontrollerwill monitorandmaintainthefollowing housekeepingparameters:
cryocooler cold tip temperature,cryocooler casetemperature,motor voltage, motor current,
phaseanglebetweenthe motorcurrentandvoltage,andcryocooleracceleration.The controller
will provideautomatedshutdownin theeventof anover-limit conditionoccurringwith theheat
rejecttemperature,motorcurrent,andmotor voltage. Groundstationuplink commandswill be
availableto enable/disablethe launchlockmodeandadjusttheinput voltageamplitude.

Thecompletecryocoolersystemdesignwill be the combinedwork of anumberof different
organizations.Thework is structuredasfollows:

- CryocoolerDrive ElectronicsandController:E.T.H.(Zurich,Switzerland)
CryocoolerMountingBracket: SwalesAerospace(Beltsville,Maryland)
CryocoolerThermalStrap:SpaceCryomagneticsLtd. (Abingdon,England)
CryocoolerHeat Rejection System: Carlo GavazziSpace(Milano, Italy) and OHB
Systems(Bremen,Germany)

SUNPOWERM87 CRYOCOOLER

The SunpowerM87 cryocooleris a commercialStirling-cyclecryocooler. The compressor
piston is driven by a moving-magnetlinear motor. The amplitudeof the input voltageto the
linearmotor controlsthe strokeof the compressorpiston. A pressurewave is generatedby the
compressorpistonandin turndrivesthe displacerpiston. Thedisplacerpiston shuttlesgasback
andforth from thecold endto thewarm endthrougha randomfiber regenerator(SPpastICC).
Thegasis expandedin thecold endto absorbheatfrom thethermalloadandcompressedatthe
warm end to reject heat to the environment. A gasbearingsystemis utilized to centerthe
compressorand displacerpistons and to prevent touch contact between the moving parts.
Vibration suppressionfrom the linear motor is implementedby the useof a passive(tuned
spring-mass)balancersystem.Thecompressorhasabroadresonancearound60hertz,while the
balancerhasanarrowresonanceat 60hertz.

The SunpowerM87 was designedto provide7.5 wattsof cooling at 77 K with 150 watts
input powerwhile operatingat a 35°Cheatrejecttemperature.TheM87 hasa designedlifetime
of 40,000hours.2

The SunpowerM87 was designedspecifically for liquefying oxygen for home-based
portable oxygen therapy for the medical market) The M87 was not designedwith space
applicationsin mind. Coolerorientationduringoperationis restrictedto thevertical orientation
with the cold end facing down. Therefore,modificationswere necessaryto make the unit
acceptablefor spaceflight use.The SunpowerM87N wasdesignedto operatein all orientations.
In orderto accommodatethe generationof a sinusoidalwaveformdrive from theISS 124V dc
bus, the motor impedanceof theM87N was reducedin orderto achievea maximum of 75 V
RMS. A flat mountingplate wasaddedto the rearof the modified M87 cryocoolerto allow
simplifiedintegration.

TheAMS-02 projectpurchasedboth a standardSunpowerM87 andthemodified M87N for
the two engineeringmodels. Beforeshippingthe unitsto Goddard,eachcryocoolerwasrun by
Sunpowerfor a250-hourqualificationperiod.

ENGINEERING MODEL PERFORMANCE



Test Setup Description

The coldfingers on EM# 1 and EM#2 were instrumented with a heater to simulate a thermal

load and a Lakeshore silicon diode then wrapped with 5 layers of MLI. RTDs mounted on the

cryocoolers heat reject and cases monitored the environmental temperatures. The cryocoolers

heat reject temperatures were maintained by laboratory recirculating chillers. EM#1, tested in a

vacuum chamber, was mounted in the vertical orientation cold finger down. EM#2, tested on an

optical bench, was mounted in the vertical orientation cold finger up. The coldfinger on EM#2

was enclosed in a vacuum bonnet connected to a vacuum header. Both cryocooler mounts were

designed to be compliant to allow force attenuation by the passive balancer.

Each engineering model cryocooler is protected with GSFC developed laboratory cryocooler

shutdown electronics that protect against cold tip temperature overheat, cryocooler body

temperature overheat, and loss of vacuum. The electronics display the total elapsed hours on the

cryocooler and can be switched between a sinusoidal waveform drive and the Sunpower control
electronics drive. The electronics allow for external input where an arbitrary waveform function

generator and power amplifier combination could be used to produce a non-standard waveform.

A data acquisition program created in LabV1EW data logs the input voltage, input current, input

power, power factor, cryocooler body temperature and cryocooler cold tip temperature every

minute.

Thermal Characterizations

Extensive thermal characterizations were conducted on both engineering model cryocoolers

to measure the cold tip temperature as a function of input power to the compressor, heat reject

temperature, and heat lift. Compressor power was measured at the input to the compressor;

therefore power losses in the drive electronics are not reflected in the results. EM#1 was tested

with heat reject temperatures of-10 °C, 0 °C, 20 °C, and 40 °C. EM#2 tested with heat reject

temperatures of 20 °C and 40 °C. Both cryocoolers were tested with compressor power levels of

50 W, 75 W, 100 W, 125 W, and 150 W. Figures 1 and 2 demonstrate the thermal performance

for EM#1 and EM#2, respectively.
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Figure 1. Thermal performance curves for EM#I.
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Figure 2. Thermal performance curves for EM#2.

A subset of the thermal performance characterization is repeated at least every three months

and compared against the baseline performance curve established during acceptance of the

cryocooler to verify there has been no thermal performance degradation.

Electrical Characterization

A comparison study between different waveform drives and cryocooler efficiency was

conducted on EM#2. To date testing was done using a sinusoidal waveform and a square

waveform. A pulse duration square wave will be studied later this summer.
Both the sinusoidal and the square waveform drives would use a PWM switching amplifier

at 200 KHz. These methods will have switching losses as well as high EMI. The pulse duration

square wave drive would eliminate the switching losses and result in lower EMI and higher

efficiency.
A slight drop in efficiency was found when driving the cryocooler with a square wave.

Table 1 shows the percent efficiency for both sinusoidal and square drive at nominal power.

Table 1. Cryocooler Efficiency Comparison With Different Waveform Drives

Drive Load CTT Power

Type (W) (K) (W)

Sin 1.96 55 100

Square 1.85 55

Sin 4.95 75

Square 4.88 75

Sin 6.44 85

i£mlare 6.4 85

Reject
(K)
299

100 299

COP

(Carnot)

0.23

0.23

COP

(Actual)

0.02

0.02

100 299 0.33 0.05

100 299 0.33 0.05

100

100

0.4

0.4

299

299

0.06

0.06

%

Efficiency

8.7

8.21

%

Cooling

100

94.39

14.78 100

14.57 98.59

16.21

16.11

100

99.38



Figure 3. Random vibration test setup.

Random Vibration

To verify the M87N design, launch vibration tests have been conducted on engineering

model number two. The AMS-02 project expects that the vibration transmitted through the

primary structure to the experiment components will be much smaller than minimum
workmanship levels. The cryocooler mounted in a rigid mount with the motor coils shorted was

subjected in three axes to a minimum workmanship level of 6.8 Grms. A Kistler three-axis

accelerometer mounted to the cryocooler case collected the response data. Figure 3 shows EM#2

mounted on the vibration shaker. Thermal performance testing pre- and post-vibration indicates

there was no thermodynamic degradation as a result of random vibration testing.

Upon completion of the compliant mounting bracket design and machining, EM#2 will be

put through random vibration a second time to verify the integrity of the compliant mounting

bracket.

Cryocooler Trend Analysis

A systematic trend analysis has been implemented to track the performance of EM#1 and

EM#2 throughout the course of the project. The performance of the flight cryocoolers will be

tracked using the same method.
Parameters being tracked are the hours of operation in a particular orientation, number of

start/stop cycles, number and cause of an automatic shutdown for out-of-limit conditions

including facility-related shutdowns, helium leak rate, and thermal performance.

Table 1 gives a summary of the trend analysis that has been recorded as of the end of May

2002. The total accumulated hours listed does not include the 250 hours accumulated on each

unit before being shipped from Sunpower.

Table 1. EM Cryocoolers Trend Analysis Summaries

p arameters

Hours of Operation in
Vertical Orientation

Hours of Operation in
Horizontal Orientation

Number of

Automat-------_c-Shutdownsfor 1
Out-of-Limit Conditions I

Total Accumulated Trend
Values for EM#1

2,225.5 (cold finger down

16.5

31

2

Total Accumulated Trend
Values for EM#2

2,590.5 (cold finger up)

20.5

76

4



Thermal Performance
Verification __ _

Thermal Cycling _

Pressure Vessel Leak Rate

Vacuum Flange Leak Rate

Helium Gas Analysis

No change from baseline

0°C to 40°C_______

104 std cc/sec range

10-9std cc/sec ran eg._e_

Not performed

No change from baselin___e_e

20°C to 40°C

10-8std cc/sec range .

10.9 std cc/sec ran ege__

Not performed

SUMMARY

During the past year, NASA Goddard has been testing two Sunpower M87 engineering

model cryocoolers for the Alpha Magnetic Spectrometer-02 (AMS-02) International Space

Station Project. The standard off-the-shelf M87 cryocooler was modified for space fligJlt

application.
The engineering model cryocoolers have just over 2,000 hours of accumulated run time.

Extensive thermal performance characterizations have verified that four M87 cryocoolers will

meet the AMS-02 cooling requirement of 16 W of heat lift at 80 K with less than 400 W input

power. EM#2 was subjected to random vibration at minimum workmanship levels without

degradation in thermodynamic performance. Electrical characterizations using various

waveform drives is continuing in order to determine the most efficient method for driving the

cryocoolers.
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